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Abstract
This paper theoretically analyzes the optical transmission characteris-
tics of an optical waveguide when coupling to a micro cavity array. The
results showed that not only were there sharp peaks on the transmission
and reflection spectra, but also that a certain system configuration can
produce a backward wave to obtain a phase shift in the small detun-
ing range between the incident wave and the micro cavities. Based on a
discussion of the relationship between the transmission and the number
and the dissipation coefficients of each coupled micro cavity, the paper
proposes a high efficiency all-optical switch model.
1 Intoduction
The all-optical switch is the one of the most basic elements in an optical net-
work. Therefore, high efficiency optical switches [1, 2, 3, 4, 5] provide a research
hotspot, because of their applications in optical integration. Most current op-
tical switch models are based on the principle of interference with the signal
light after obtaining a pi phase shift through optical switching devices by con-
trolling the optical signal, so that the switching of the signal light can then be
controlled. This type of optical switch device needs to be long enough to obtain
the phase shift, while because of the limitations of the properties of optical ma-
terials, this is not helpful for device integration. Another type of optical switch
[6, 7] made from ordinary nonlinear materials requires a certain optical power
threshold, which cannot be applied in weak light environments. In recent years,
optical switches using photonic crystals and nanometer-scale micro cavities have
received wider attention [2, 8, 9]. These switches mainly use the slow light effect
of the photonic crystal [10] or the resonance characteristics of the micro cavity,
which not only maintains the small physical size of the devices, but also achieves
the signal light switching function over a wider frequency band range.
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The slow light effect of photonic crystals is similar to the resonance char-
acteristics of the micro cavity [11]. Therefore, this paper analyzes the optical
transmission characteristics of the optical waveguide when coupling to the mi-
cro cavity array in detail using cavity quantum electrodynamics theory (cavity-
QED) [12]. The analysis results of the study also indicated that a certain number
of micro cavity-coupled optical waveguide models can be used as a highly effi-
cient optical switch. The analysis of our model can also provide a theoretical
basis and method for optimization of this type of optical switch.
2 Model and Theoretical Analysis
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Figure 1: Model of optical waveguide coupling to micro cavity array. (a) The
whole system with N micro cavities; (b) A single unit of the system.
The structure of the system model studied in the present paper shows that
the N micro cavities are coupled with the optical waveguide L (Fig. 1(a)). Fig-
ure 1(b) represents a single-unit structure as part of the entire system. Consider
each micro cavity to be a single-mode cavity, with their natural frequencies rep-
resented by ω0. The other parameters in the model are explained as follows:
k0 refers to the dissipation coefficient of the ith cavity coupled to the external
environment, and its relationship to the quality factor of the micro cavity Q0
is given by k0 = 2ω0Q
−1
0
, k1 and k2 are the dissipation coefficients in the left
and right directions, respectively, resulting from the ith cavity coupled to the
waveguide. Each micro cavity is coupled with a waveguide through and , rather
than direct coupling between each micro cavity. C1in and C
2
in refer to the light
wave flow operators of the ith unit input from the two sides of the waveguide,
and C1out and C
2
out refer to the light wave flow operators of the ith unit output
from the two sides of the waveguide.
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First, analysis of the optical transmission characteristics of a single unit was
conducted. Under weak excitation conditions, the Langevin motion equation
of the annihilation operator a(t) in the time domain in the ith micro cavity is
given by[13]:
da(t)
dt
= −iω0a(t)−
k0 + k1 + k2
2
a(t)−
√
k1C
1
in −
√
k2C
2
in (1)
which is a first order linear inhomogeneous differential equation based on
a(t) . The equation can be solved by using a Fourier transform, in which the
annihilation operator within the frequency domain, a˜(ω) , is obtained and is
given by:
a˜(ω) =
√
k1C˜
1
in(ω) +
√
k2C˜
2
in(ω)
iδω − γ
(2)
where γ = (k0+k1+k2)/2, ω is the frequency of the incident wave, and δω =
ω−ω0 is the detuning of the incident wave and the micro cavity. When applied
to the input and output relationship for the cavity and waveguide coupling
[14],Ciout = C
i
in +
√
kia(ω) , where (i = 1, 2), a(t) can be removed from Eq.
(2) to obtain the input and output relationship for the ith unit (for writing
convenience, the light wave flow operator C˜(ω) and is simply written as C in
the following statements): [
C2in
C2out
]
= Ti
[
C1in
C1out
]
(3)
In the above equation, Ti refers to the transmission matrix of the ith unit.
Its specific form is given by:
Ti = λ
[
k1 γ − iδω
γ − 2
√
k1k2 − iδω −k2
]
(4)
Where the coefficient λ = (γ −
√
k1k2 − iδω)−1.
The whole system, with the N micro cavities coupled to the optical waveg-
uide, is now considered. For convenience, we assume that the optical path
difference between two adjacent units is an integral multiple of the vacuum
wavelength. Figure 1(a) shows that C2out and C
2
in of the ith unit are equal
to C1in and C
1
out of the i+1th unit. The total transmission relationship of the
system can then be obtained by using Eq. (3):[
C2in
C2out
]
= Tt
[
C1in
C1out
]
(5)
where C1in, C
1
out, C
2
in, and C
2
out are the input and output flow operators on
the two sides of the system. The total transmission matrix of the system is
Tt = TnT0Tn−1 . . . T0T1 , where Ti (i = 1,2, . . . , n) is the transmission matrix
of the ith micro cavity unit, shown as Eq. (4). T0 is given by
T0 =
[
0 1
1 0
]
(6)
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The reflection coefficient of the system is defined as: r =
√
Rexp(iφ) =
<C2
out
>
<C1
in
>
, where R refers to the reflection ratio and φ is the phase shift of the
reflected wave relative to the incident wave. Similarly, the system transmittance
is defined ast =
√
Texp(iφ) =
<C1
out
>
<C1
in
>
where T refers to the transmittance and
φ is the reflected wave phase shift relative to the incident wave. These two
definitions are used under the conditions where single or multiple micro cavities
are coupled to the waveguide.
3 Analysis of Transmission Characteristics
First, we assume that only one micro cavity is coupled to the waveguide, and
choose a dissipation coefficient that is normalized with respect to k1 (unit: THz),
where k2 = 0.001k1, and k0 = 0.005k1. The input light wave signal is set as C
1
in
only, i.e., C2in = 0, where the system transmission characteristics are obtained
from Eq. (3), as shown in Fig. 2.
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Figure 2: The transmission characteristic of the optical system. (a) The reflec-
tion ratio of the input light; (b)Inset: the phase shift of the incident light.
Figure 2(a) shows the relationship between the reflection ratio of the incident
light and the dissonance. A sharp reflection peak is obtained at resonance. The
full width at half maximum (FWHM) of the peak is around 0.005k1, and the
reflection ratio is 1, i.e., the system reflects the incident light completely. When
there is greater dissonance between the incident light wave and the micro cavity,
the reflection ratio decreases to 0, and the system is transparent to the incident
light. Figure 2(b) shows that when the incident light and the micro cavity are
in the lower dissonance range, the reflected light obtains a pi phase shift. This is
of critical importance to the fabrication of this kind of optical switch, and will
be explained in later sections of the paper.
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The following sections provide further analysis of the relationship between
the transmission characteristics of the entire coupling system and the number
of coupled micro cavities and the dissipation coefficients of these micro cavities.
C1in represents the signal light, C
2
in represents the control light. The dissipation
coefficients of all units are presumed to be equal in this analysis.
First, the impact of the cavity dissipation coefficient on the signal light
transmission was analyzed. Three micro cavities were chosen to couple with
the waveguide, where k2 = 25k1, k0 = 6k1. The relationship between the total
transmission and the dissipation coefficient is obtained from Eq. (5), as shown
in Fig. 3. Figure 3(a) shows that when the dissipation coefficient of the micro
cavity k0 is around 5k1 , the transmission ratio of C
1
in is approximately 0.68 for
a zero C2in input, while the transmission ratio of C
1
in decreases to 0 when the
C2in input is available.
Second, assuming that C1in should be resonant with the micro cavity, k1 is
still used to normalize the other dissipation coefficients, and k2 = 25k1, with
k0 = 5k1. The relationship between the total system transmission and the
number of coupled micro cavities is obtained from Eq. (5), as shown in Fig. 3.
Figure 3(b) shows that when three micro cavities are coupled to the waveguide,
the transmission ratio of C1in is 0.72 without any C
2
in input; again, the C
1
in
transmission ratio decreases to 0 if an input C2in is available. If the system is
used as an optical switch, the control light C2in can achieve switched control of
the signal light C1in .
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Figure 3: The transmission against the deturnning and the number of coupled
cavities.
4 All-optical Switch and Its Time Series Analy-
sis
The structure of the model system studied in this paper shows that the N micro
cavities are coupled to the optical waveguide L (Fig. 1(a)). Figure 1(b) shows a
single-unit structure which would be one part of the system. Consider each mi-
cro cavity to be a single cavity, and their natural frequencies are represented by
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ω0. The other parameters of the model are explained as follows: k0 refers to the
dissipation coefficient of the ith cavity coupled with the external environment,
and its relationship to the quality factor of the micro cavity, Q0 is k0 =
2ω0
Q0
.
k1and k2 are the dissipation coefficients in the left and right directions, respec-
tively, resulting from the ith cavity coupled to the waveguide. Each micro cavity
is coupled with a waveguide through k1 and k2, rather than by direct coupling
between each micro cavity. C1in and C
2
in refer to the light wave flow operators
of the ith unit inputs from the two sides of the waveguide, and C1out and C
2
out
refer to the light wave flow operators of the ith unit outputs from the two sides
of the waveguide.
To control the signal light effectively, three indirectly coupled micro cavities
with the same dissipation coefficients and resonance frequencies are coupled
with the optical waveguide. The dissipation coefficients of each micro cavity,
k0 and k2, are given by k0 = 6k1 and k2 = 20k1, respectively. The switching
characteristics are shown in Fig. 3. The incident signal lightC1in is the output
from C2 with a transmission ratio of 0.72 when there is no control light input at
the C2 side (Fig. 3(a)). The incident signal light C1in is blocked completely when
a control light is input at the C2 side (Fig. 3(b)) and its transmission ratio equals
0. The control signal light C2in is thus used to achieve the switching function for
the objective signal light C1in. Based on the structural parameters given above,
the dissipation of the micro cavity to the two side waveguides is asymmetric
(k2 = 20k1). The current system can therefore be regarded as an optical device
based on asymmetrical coupling. Analysis of Fig. 2 has shown that the signal
light C1in input from C1 penetrates the system with a transmission ratio of 0.72,
the control light C2in incident from C2 with a reflection ratio of 0.72 is reflected
by the micro cavity, and a pi phase difference is obtained. The two beams with
their phase difference of pi are superimposed and destructively interfere, and
thus no light signal output can be achieved on the C2 side. The time series
relationship of the optical switch is shown in Fig. 4.
The results of the analysis above show that when C1in is used as the objective
light signal and C2in is used as the control light signal, this kind of waveguide
system coupling with the micro cavity array provides an all-optical switch model.
To control the signal light effectively, three indirectly coupled micro cavities with
the same dissipation coefficients and resonance frequencies are coupled with the
light waveguide. The dissipation coefficients of each micro cavity, k0 and k2, are
given by k0 = 6k1 and k2 = 20k1, respectively. The switching characteristics
are shown in Fig. 3. The incident signal light C1in is output from C2 with
a transmission ratio of 0.72 when there is no control light input at the C2
side (Fig. 3(a)). The incident signal light C1in is blocked completely when the
control light is input at the C2 side (Fig. 3(a)), i.e. the transmission is equal
to 0. Thus, the control signal light is used to achieve the switching function for
the objective signal light C1in. Under the structural parameters proposed above,
the dissipation of the micro cavity to the two side waveguides is asymmetric
(k2 = 20k1). The current system can thus be regarded as an optical device
based on asymmetric coupling. Analysis of Fig. 2 and Fig. 3 indicates that
the signal light input from C1 penetrates the system with a transmission ratio
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of 0.72 (Fig. 3), the control light C2in incident from C2 with a reflection ratio
of 0.72 is reflected by the micro cavity, and the pi phase difference is obtained
simultaneously (Fig. 2). These two light beams with their pi phase difference are
superimposed and destructively interfere, and thus, no light signal output can
be achieved on the C2 side. The time series relationship of the optical switch is
shown in Fig. 4.
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Figure 4: Time series relationship of the optical switch. The red line refers to
the signal light, and the black line refers to the control light.
5 Conclusion
The analysis of the theoretical results found that highly efficient all-optical
switching can be achieved when three micro cavities are used to couple to the
optical waveguide and the appropriate dissipation coefficient is chosen. The
theoretical model discussed in the current paper can be achieved by introducing
point and line defects in photonic crystals, and coupling to the micro disk [9] or
micro sphere with an optical fiber [14].
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